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Oxide and Free Calcium Levels in Chordate Eggs
Demonstrates That Nitric Oxide Has No Role
at Fertilization
Louise A. Hyslop, Michael Carroll, Victoria L. Nixon,
Alex McDougall, and Keith T. Jones1
Department of Physiological Sciences, The Medical School, Framlington Place,
University of Newcastle, Newcastle NE2 4HH, England, United Kingdom
At fertilization in sea urchin, the free radical nitric oxide (NO) has recently been suggested to cause the intracellular Ca21
rise responsible for egg activation. The authors suggested that NO could be a universal activator of eggs and the present
study was set up to test this hypothesis. Intracellular NO and Ca21 levels were monitored simultaneously in eggs of the
mouse or the urochordate ascidian Ascidiella aspersa. Eggs were either fertilized or sperm extracts microinjected.
Sperm-induced Ca21 rises were not associated with any global, or local, change in intracellular NO, although we were able
o detect NO produced by the addition of a NO donor. Furthermore, the NO synthase inhibitor NG-nitro-L-arginine methyl
ster had no effect on sperm-induced Ca21 release but did block completely ionomycin-induced NO synthase activation.
Therefore, we suggest that the current data provide evidence that NO has no role in the fertilization of these two chordate
eggs. © 2001 Academic Press
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Recently, it was suggested that the free radical nitric
oxide (NO) is the signaling messenger responsible for fer-
tilization in sea urchin (Kuo et al., 2000). In their model,
NO, produced by a sperm 140-kDa NO synthase (NOS)
and/or a 175-kDa egg NOS, triggers all the events associated
with egg activation by causing an increase in the intracel-
lular free Ca21 concentration. They found that if NO was
cavenged the Ca21 increase was blocked, as were the
subsequent events of fertilization, and, conversely, NO
donors were fully able to activate sea urchin eggs. The
authors proposed that NO is a universal trigger for egg
activation, although they did not study eggs of other phyla.
In support of their proposition, eggs of different phyla often
share similar characteristics, such as a sperm-induced Ca21
increase, which breaks cell cycle arrest (Whitaker, 1996).
However, some characteristics are not conserved, such as
1 To whom correspondence should be addressed. Fax: (44) 191
222 6706. E-mail: k.t.jones@ncl.ac.uk.
216he precise time during meiosis when eggs arrest. Indeed,
ea urchin eggs before fertilization are arrested having
ompleted meiosis (Whitaker, 1996; Stricker, 1999). Fur-
hermore, some eggs, for example nemertean worm, ascid-
an, and mammalian, display a series of Ca21 oscillations,
ather than single Ca21 transient when fertilized (Stricker,
1999). Therefore, the purpose of the present work was to
determine whether NO is a universal signaling molecule at
fertilization by examining its production during egg ac-
tivation in two chordate animals: the mouse and the
ascidian (Phylum Chordata, Subphylum Urochordata, Class
Ascidiacea).
Both mouse and ascidian eggs display a series of Ca21
oscillations at fertilization (reviewed in Nixon et al., 2000).
The Ca21 release may be initiated by a sperm-borne factor
because several groups have now reported the existence of
an extractable, sperm-specific protein in both ascidian (Kyo-
zuka et al., 1998; McDougall et al., 2000; Runft and Jaffe,
2000) and mammalian (Swann, 1990; Wu et al., 1998; Oda
et al., 1999; Tang et al., 2000) species that is capable of
inducing a Ca21 response similar to fertilization when
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217NO during Chordate Egg Fertilizationmicroinjected into eggs. The ascidian has proved to be a
very stringent class of animal to examine the physiological
relevance of the sperm-borne factor because ascidian sperm
extracts faithfully mimic the spatiotemporal aspects of the
fertilization-associated Ca21 signal (Kyozuka et al., 1998;
McDougall et al., 2000) and are regulated identically (Runft
and Jaffe, 2000; McDougall et al., 2000). As yet, no group
has identified the sperm protein since proposed candidates
(e.g., Parrington et al., 1996; Sette et al., 1997) were subse-
quently found not to be present in active sperm extracts
(Wu et al., 1998; Parrington et al., 1999). However, based on
Kuo et al. (2000), the sperm-borne factor may be NOS.
In the present study, the production of NO in eggs was
examined by using the fluorochrome diaminofluorescein-2
(DAF-2; Nakatsubo et al., 1998) following fertilization and
microinjection of sperm extracts. In DAF-2-loaded eggs,
fura2 was introduced so that changes in intracellular Ca21
could be monitored simultaneously. The ability of the NOS
inhibitor NG-nitro-L-arginine methyl ester (L-NAME) to
lock these Ca21 changes was also investigated. We report
hat NOS and NO play no part in the fertilization of these
hordate eggs and conclude that sea urchins may have
volved a separate method of egg activation, not applicable
o these chordate animals.
MATERIALS AND METHODS
All chemicals were from Sigma (U.K.) unless otherwise stated
and embryo tested or tissue culture grades where appropriate.
Mouse Gamete Collection
Metaphase II eggs from random-bred 4- to 8-wk-old albino MFI
mice (Harlan, U.K.) were used. Eggs were collected from the
ampulla oviductal region, 12.5–15 h after intraperitoneal injection
of 5 IU human chorionic gonadotrophin in mice that had been
PMSG primed (7.5 IU) 44–52 h previously. Eggs were removed of
their surrounding cumulus cells by a brief incubation with 0.3
mg/ml hyaluronidase in medium M2, and eggs were cultured at
37°C in medium M2 for periods of less than 3 h. Spermatozoa were
collected from the caudal region of ex-breeding MF1 mice (Harlan)
and capacitated for at least 2 h in medium T6 at a concentration of
1–2 3 105 sperm/ml (Quinn et al., 1982).
Ascidian Gamete Collection
Metaphase I eggs from the tunicate ascidian Ascidiella aspersa
were collected from Blyth Harbour (Northumberland, U.K.) as
described in McDougall and Levasseur (1998). Animals were har-
vested by removal of their outer tunic. Eggs were partially decho-
rionated with 0.1–0.2% trypsin in 0.2 mm filtered seawater at 18°C
or 45–60 min. The chorion was then removed by mechanical
tripping using a Pasteur pipette. Following dechorionation, eggs
ere kept at 18°C on a cooled copper plate in 0.1% gelatin/
ormaldehyde-coated Petri dishes containing filtered seawater. The
ormaldehyde was removed by air drying followed by washing in
istilled water, further air drying, then a final wash with seawater.
ny glass or plasticware subsequently used that came into contact
ith eggs was also treated with the gelatin/formaldehyde mixture.
Copyright © 2001 by Academic Press. All rightAscidians are hermaphrodite so sperm were collected from the
ame animals as eggs. For in vitro fertilization studies, sperm were
immediately diluted in seawater (1- to 200-fold) containing chori-
onated eggs to aid sperm activation (Sardet et al., 1989) and stored
at 4°C (a further 100-fold sperm dilution was carried out prior to
fertilization). Chorionated Ascidiella aspersa eggs can be fertilized
(;85%) with 5 3 103 sperm/ml.
Preparation of Boar Sperm Extracts
Boar sperm extracts were prepared as described previously (Jones
et al., 1998a). Sperm from boar semen were pelleted and washed
into 120 mM KCl, 10 mM HEPES, pH 7.4, containing the protease
inhibitors PMSF (200 mM), leupeptin (3.7 mM), and pepstatin (2.9
mM). The pellet was frozen-thawed twice in liquid nitrogen and the
supernatant collected following ultracentrifugation at 100,000g at
4°C. The supernatant was concentrated on ultrafiltration devices,
(30,000 NMWC; Amicon, U.K.) and stored frozen in aliquots at
280°C. Protein concentrations were estimated by a BCA protein
assay kit (Perbio Science, U.K.) and extracts were used at a
concentration of 40–80 mg/ml.
Preparation of Ascidian Sperm Extracts
Sperm collected from Ascidiella aspersa were diluted into Ca21-
free seawater then pelleted and resuspended several times in
Ca21-free seawater. All steps were at 4°C. Sperm were resuspended
in 180 mM KCl, 10 mM BES, pH 7.1, and pelleted. After decanting
of the supernatant, the pellet was frozen-thawed twice in liquid
nitrogen. The pellet was then homogenized with an Ultra-Turrax
T8 handheld homogenizer in 180 mM KCl, 10 mM BES containing
the protease inhibitors PMSF (200 mM), leupeptin (3.7 mM), and
pepstatin (2.9 mM). The sperm homogenate was ultracentrifuged at
100,000g for 1 h. The supernatant was then concentrated on
ultrafiltration devices (30,000 NMWC; Amicon) and stored frozen
in aliquots at 280°C. Protein concentrations were estimated and
extracts were used at a concentration of 3–20 mg/ml.
Fura2 and DAF-2 Imaging of Metaphase II Mouse
Eggs
Eggs were incubated for 20 min with 10 mM DAF-2DA (Calbio-
chem, U.K.) and 2 mM fura2-AM (Molecular Probes, Eugene, OR)
sing 0.1% Pluronic F123 to aid dye dispersion. After washing in
edium M2, they were placed on the stage of a Nikon TE-300
nverted microscope, as described in Jones and Whittingham,
1996), which was fitted with 203 Cfi NA1 and 403 Cfi NA1.35
bjective lenses. When in vitro fertilization was being performed,
he zonae of eggs were removed by a brief incubation in acid
yrode’s solution. The eggs were then attached to the bottom of
he chamber as described previously (Jones et al., 1995). The optical
eld was illuminated with a 75-W Xenon lamp and illumination
as minimized by using neutral density filters. A polychroic
eamsplitter (61002bs; Chroma, VT) and emission filter (61002m;
hroma) were used for transmitting emitted light from the DAF-2
nd fura2 fluorochromes to a charge-coupled device (CCD) camera
MicroMAX, 1300Y Sony Interline chip; Princeton Instruments,
.K.). This multichroic mirror allowed simultaneous measure-
ent of intracellular Ca21 and NO levels. An average fluorescence
signal from the entire egg was used to record intracellular Ca21 and
O levels.
Illumination of the stage was controlled by using narrow band-
s of reproduction in any form reserved.
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218 Hyslop et al.pass filters (340, 380, and 490 nm; Coherent, U.K.), housed in a
high-speed filter wheel Lambda 10-2 (Sutter Instruments, CA)
placed between the Xenon lamp and the objective lens. In turn, the
filter wheel position and shutter opening time were controlled by
MetaFluor software v4.0 (Universal Imaging Corp, PA) as described
previously (Jones and Nixon, 2000).
Microinjection into Mouse Metaphase II Eggs
Borosilicate glass capillaries (Clark Electromedical Instruments,
U.K.; 1.5-mm outer diameter 3 0.86-mm inner diameter) with an
nternal filament were pulled on a vertical pipette puller (Model
230; Sutter Instruments). Micropipette tips were broken on
otton wool as described previously (Jones et al., 1995) and back-
lled with sperm extracts. Micropipettes were inserted into cells
y using a brief pulse of the negative capacitance overcompensa-
ion facility on an electrometer (World Precision Instruments,
.K.). A precise, bolus injection corresponding to 0.1–1% of the
otal cell volume was achieved by using a Pneumatic PicoPump
World Precision Instruments) as described previously (Jones et al.,
998b).
Fura2 and DAF-2 Imaging of Metaphase I Ascidian
Eggs
In most experiments, dechorionated ascidian eggs were first
incubated with 10 mM DAF-2-DA for 30 min before being intro-
duced into a wedge based on the design of Keihart (1982). Eggs were
then microinjected with 10 kDa fura2 dextran (Molecular Probes)
in order to give a final intracellular concentration of 10–20 mM.
he microinjection technique, described previously (McDougall
nd Levasseur, 1998), was performed on the stage of an inverted
X70 Olympus microscope, fitted with a 103 0.3 NA lens, a 203
.75 NA lens, and a 603 1.2 NA water immersion lens, using a
arishige IM300 injection device coupled to a three-way hydraulic
icromanipulator (Narishige). Injection pipettes were fabricated
rom filament-free capillaries (GC100T10; Clarke Electromedical)
ulled on a vertical pipette puller (Kopf Model 100C, CA). Micro-
njection of ascidian sperm extracts was performed identically to
ura2.
The DAF-2- and fura2-loaded eggs were illuminated on the stage
f the IX70 Olympus microscope by using a 75-W Xenon lamp light
ource, and illumination was minimized by using narrow bandpass
lters (350, 380, and 490 nm; Chroma, VT) housed in a filter wheel
Sutter, Lambda 10-2). A polychroic beamsplitter (61000v2bs;
hroma) and emission filter (61000v2m; Chroma) were used to
eflect the illumination light to the specimen and then transmit
he emitted light to the collecting device to a cooled charge-
oupled device (CCD) camera (MicroMax 1300Y Sony Interline
hip; Princeton Instruments). Illumination through the Sutter filter
heel and acquisition by the CCD camera were controlled by
etaFluor software v4.0 as described above (Universal Imaging
orp).
RESULTS
A recent study on sea urchin eggs has suggested that NO
initiates Ca21 release at fertilization and proposed that this
may be a universal mechanism of egg activation (Kuo et al.,
2000). Therefore, we examined whether NO has any role in
Copyright © 2001 by Academic Press. All rightinitiating the Ca21 changes observed during chordate egg
fertilization. In the present studies, DAF-2 was used to
monitor intracellular NO levels in both mouse and ascidian
eggs. Initial experiments were carried out to determine
whether NO production could be measured by using this
novel fluorochrome in mouse eggs. The NO donor sodium
nitroprusside (SNP) was added to the bathing medium and
DAF-2 fluorescence was monitored (Fig. 1). Over a 3-min
time course, increases in DAF-2 fluorescence were observed
with doses of 1.9 mM SNP or greater (n 5 3). Application of
his dose of SNP has been reported to generate physiological
evels of NO (Matthews et al., 1996; Ignarro et al., 1987;
elm et al., 1988; Kelm and Schrader, 1988; Huang et al.,
994), although it must be noted that the actual amount of
O liberated was not determined in our system. As for all
maging protocols, the important point here is that there is
lower limit in our detecting ability. It was therefore
ssential to establish that we would be able to measure
elevant increases in NO at fertilization.
Simultaneous Measurement of Ca21 and NO
We wanted to determine whether changes in intracellular
NO could be monitored simultaneously with changes in
intracellular Ca21. In this way, an NO-mediated rise in
ntracellular Ca21 could be distinguished from a Ca21-
ediated rise in NO. If NO was the initiator of Ca21 release,
then one would have predicted to observe an increase in NO
preceding the Ca21 rise. If NO levels were raised following
the Ca21 rise, then this may suggest that NO is being
produced as a consequence of the Ca21 rise (Ca21 activated
OS activity). In both mouse and ascidian eggs, changes in
ntracellular Ca21 and NO were monitored simultaneously
by using inverted microscopes fitted with polychroic beam-
splitters for epifluorescence. Using our experimental sys-
tems, we found that eggs loaded with fura2 only showed
little fluorescence when illuminated at the excitation
wavelength of DAF-2 (Fig. 2a). Conversely, eggs loaded with
DAF-2 showed little fluorescence at the excitation wave-
lengths of fura2 (Fig. 2b). When fura2-loaded eggs were
challenged with the Ca21 ionophore ionomycin, or DAF-2-
loaded eggs with SNP, there was no measurable spillover in
signal (Figs. 2a and 2b, n 5 8). Therefore, fluorescence
changes could be attributed to either increases in intracel-
lular NO or free Ca21. When ionomycin was added to either
ouse (Fig. 2c, n 5 3) or ascidian eggs (not shown), loaded
ith both fura2 and DAF-2, there was a small delayed
ncrease in DAF-2 fluorescence associated with the large
ise in intracellular Ca21, suggesting Ca21-induced activa-
ion of NOS. Therefore, unfertilized eggs do contain a form
f NOS that can be activated by elevated Ca21. When the
O donor SNP was added to the bathing medium, mouse
Fig. 2d, n 5 3) and ascidian (not shown) eggs displayed a
apid rise in DAF-2 fluorescence and an increase in intra-
ellular Ca21. Therefore, as found in sea urchin eggs (Will-
ott et al., 1996; Kuo et al., 2000), NO generation in thesechordate eggs can lead to a rise in intracellular Ca21. Most
s of reproduction in any form reserved.
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219NO during Chordate Egg Fertilizationimportantly, there was only a modest increase in intracel-
lular Ca21 associated with a readily detectable rise in NO
Fig. 2d). Fertilization generates much larger rises in intra-
ellular Ca21 than that achieved with SNP (Fig. 3). There-
ore, if, as suggested by Kuo et al. (2000), NO triggered the
a21 rise at fertilization, we would expect to observe a
uch larger increase in DAF fluorescence than that ob-
erved with SNP.
NO Changes in Mouse Eggs at Fertilization
The above experiments confirm that the recording sys-
tems used here were able to image simultaneously, and
independently, intracellular NO and Ca21 (Fig. 2) and fur-
thermore, that levels of NO, sufficient to cause the fertili-
zation Ca21 oscillations should be detected with ease (Fig.
3). Therefore, we went on to examine whether NO changes
were associated with egg activation in these chordate ani-
mals. Mouse eggs were either fertilized or microinjected
with boar sperm extract, which causes Ca21 oscillations in
mouse and bovine eggs (Wu et al., 1997; Parrington et al.,
1999). When fura2- and DAF-2-loaded mouse eggs were
monitored for intracellular Ca21 and NO production, we
ailed to detect any NO increase associated with the Ca21
oscillations at fertilization (Figs. 4a and 4b, n 5 7) or
following sperm extract microinjection (Figs. 4c and 4d, n 5
1). Illumination of DAF had not rendered it insensitive to
O since SNP added at the end of the experiment induced
similar rise in DAF fluorescence to that observed previ-
usly. Since UV illumination can affect nitrosation (Sexton
t al., 1994), a process that is required for NO detection by
FIG. 1. DAF-2 fluorescence changes following sodium nitropruss
added to the bathing medium of DAF-2-loaded mouse eggs. Change
between 0.6 and 5.7 mM.AF-2, we repeated the microinjection of sperm extracts s
Copyright © 2001 by Academic Press. All rightnto mouse eggs that were monitored for DAF-2 fluores-
ence only. Therefore, UV illumination of eggs was not
erformed and the exact timing of the initiation of the Ca21
oscillations could be controlled. Again, no increase in DAF
fluorescence was observed following microinjection of ac-
tive sperm extracts (n 5 7).
In these mouse eggs, global DAF-2 fluorescence levels
were monitored, but, at gamete fusion, a local increase in
NO may have been sufficient to trigger the Ca21 wave.
Thus, dogmatically, a discrete NO increase may have been
sufficiently large to cause a Ca21 wave, but localized enough
o be missed by global imaging. Therefore, mouse eggs were
maged for local increases in NO production following
icroinjection of boar sperm extracts. This procedure al-
owed us to precisely control the timing of the Ca21 rise
with respect to the initiation of imaging. We could there-
fore image for a minimum period before the Ca21 transient,
to limit any possible effect of photobleaching. Despite these
precautions, we were still unable to detect local, discrete
NO rises before the initiation of the Ca21 wave (Fig. 5,
5 2).
We wanted to pharmacologically inhibit NOS in mouse
ggs and therefore we chose L-NAME, which is a widely-
sed NOS inhibitor that is deesterified intracellularly to
ield L-NA (Pfeiffer et al., 1996; Southan and Szabo, 1996;
oore and Handy, 1997). L-NAME and L-NA have been
sed to inhibit all forms of NOS, both constitutive NOS
cNOS) and inducible NOS (iNOS; reviewed in Stuehr and
riffith, 1992). Mouse eggs were incubated with 0.6 mM
-NAME, a dose that has been found to inhibit mouse
ertilization when added to the capacitation medium of
ddition to the bathing medium. Sodium nitroprusside (SNP) was
DAF-2 fluorescence were imaged following SNP addition for doseside a
s inperm before their addition to eggs (Herrero et al., 1996).
s of reproduction in any form reserved.
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220 Hyslop et al.This dose of L-NAME completely inhibited the rise in NO
observed following application of ionomycin (Figs. 6a and
6b). However, L-NAME-incubated eggs, when microin-
jected with sperm extracts, gave a normal pattern of Ca21
oscillations (Fig. 6c, n 5 6). We conclude that L-NAME, at
FIG. 2. Simultaneous measurement of intracellular Ca21 and NO i
to measure changes in intracellular Ca21 and NO, respectively. W
scidian eggs (not shown) to confirm that independent simultaneou
ight between predominantly 450 and 475 nm (blue emission) a
avelengths (340 and 380 nm), the emitted, fluoresced light is a co
ura2 only and challenged with 5 mM ionomycin to confirm that the
of 490 nm. Three minutes after the addition of ionomycin (at a
fluorescence when eggs were excited at 490 nm. (b) Mouse eggs wer
were excited at 490 nm light, there was a corresponding increase i
fluorescence is expressed as a ratio with respect to fluorescence at t
no change in fluorescence when eggs were excited at fura2 wavelen
for fura2 and DAF excitation wavelengths. (c) mouse eggs were load
as a delayed increase in DAF-2 fluorescence indicative of Ca21 -ind
nd challenged with 5.7 mM SNP. Note that the NO produced by S
ntracellular Ca21. The break in recording represents the time requa dose shown to block endogenous egg NOS, is not able to
Copyright © 2001 by Academic Press. All rightinhibit Ca21 oscillations. At higher doses, L-NAME did
block sperm extract-induced Ca21 oscillations (1 mM
L-NAME, in 21 of 27 eggs). This effect is not, however,
related to inhibition of NOS since similar inhibition was
observed for D-NAME (1 mM, 10 of 12 eggs), the stereoiso-
use eggs. Mouse eggs were loaded with fura2 and/or DAF-2 in order
rformed a series of experiments on mouse eggs (this figure) and
ordings could be accomplished. The emission filter used transmits
0 and 550 nm (green emission). Therefore, for some excitation
ation of blue and green emission. (a) Mouse eggs were loaded with
as no spillover in fluorescence at the DAF-2 excitation wavelength
), the fura2 ratio increased to 4.5, but there was no increase in
ded with DAF-2 only and challenged with 5.7 mM SNP. When eggs
orescence levels due to NO production. In all subsequent DAF-2,
5 0 s (dotted line). Despite the increase in DAF-2 signal, there was
(a) and (b) demonstrate that there was no spillover in fluorescence
ith fura2 and DAF-2 and challenged with 5 mM ionomycin. There
NO production. (d) Mouse eggs were loaded with fura2 and DAF-2
was able to generate a modest, sustained, rise in fura2 ratio, hence
to make additions to media.n mo
e pe
s rec
nd 51
mbin
re w
rrow
e loa
n flu
ime
gths.
ed w
uced
NPmer that does not inhibit NOS. This inhibition may be
s of reproduction in any form reserved.
d
i
a
m
s
s
t
t
m
c
j
(
r
1
t
d
d
initiating Ca21 oscillations.
221NO during Chordate Egg Fertilization
Copyright © 2001 by Academic Press. All rightrelated to the cytotoxicity of methanol produced by the
deesterification of these methylester stereoisomers. We
conclude that the highest dose of L-NAME that we could
specifically test failed to inhibit sperm-induced Ca21 re-
lease, consistent with the lack of any measurable NO
production during mouse fertilization.
NO Changes in Ascidian Eggs at Fertilization
The results obtained above and those of Kuo et al. (2000)
suggest that sea urchin and mouse have a different mecha-
nism for the generation of Ca21 release at fertilization. To
etermine whether the initiation of Ca21 release is NO-
ndependent in other chordates, we examined eggs of the
scidian. Ascidiella aspersa eggs were either fertilized or
icroinjected with ascidian sperm extracts. Fertilization or
perm extract triggers two phases of Ca21 oscillations
eparated by a gap period that corresponds to extrusion of
he first polar body. The first phase of Ca21 release may be
a single Ca21 rise or a small series of Ca21 oscillations
(McDougall et al., 2000). At fertilization (Figs. 7a and 7b,
n 5 7) and following microinjection of sperm extracts (Figs.
7c and 7d, n 5 8), the two phases of Ca21 oscillations were
not associated with any increase in NO. Again, we demon-
strated that DAF-2, the NO indicator, had not been photo-
bleached during these experiments by its ability to detect
NO produced in the bathing medium by the addition of
SNP (Figs. 7a and 7c). Note that the fluorescence rises
obtained with DAF following SNP addition to ascidian eggs
appeared greater than in mouse eggs. This may be due to
differences in the ability of these two egg types to scavenge
NO or may reflect differences in the extent of NO oxidation
that must occur for DAF-2 to detect NO (Nakatsubo et al.,
1998). This was not explored further in any detail, but
suggests that we may be able to detect smaller amounts of
NO produced in ascidian eggs than mouse. Also, ascidian
eggs were loaded with DAF-2 only and changes in fluores-
cence recorded immediately after sperm addition (n 5 3,
eggs were assessed to be fertilized when cortical contrac-
tions were observed) or following microinjection of sperm
extracts (n 5 5). Therefore, eggs were not UV illuminated
and were imaged for a minimum period of time. Despite
these precautions, we still failed to detect any associated
rise in fluorescence at fertilization.
Ascidian eggs were also imaged for local increases in NO
production following microinjection of ascidian sperm ex-
tracts but, as found for mouse eggs, we were unable to
detect local, discrete, NO rises before the initiation of the
Ca21 wave (Fig. 8, n 5 8). To confirm these direct observa-
ions, ascidian eggs were incubated with doses of up to 10
M L-NAME for 30 min to inhibit NOS, but these prein-
ubated eggs still exhibited a normal response to microin-
ection of sperm extracts (Fig. 9, n 5 3) or sperm addition
not shown). This dose is at least 10-fold higher than that
eported to be effective in other cell types (Nakatsubo et al.,FIG. 3. NO induces a rise in intracellular free Ca21. Mouse eggs
loaded with fura2 and DAF-2 were challenged with two doses, 5.7
mM and 1.9 mM, of sodium nitroprusside (SNP). (a) SNP caused an
immediate increase in DAF-2 fluorescence as intracellular NO was
raised. (b) The rise in NO caused a modest rise in intracellular Ca21.
(c) A sperm-induced rise in intracellular Ca21 is much larger than
he one initiated by SNP-induced NO production. These results
emonstrate that the present imaging system should be able to
etect any NO increase at fertilization if such a NO increase were998).
s of reproduction in any form reserved.
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In the present study, we have demonstrated that NOS
activity does not initiate, and NO is not produced as a result
of, the sperm-induced Ca21 changes at fertilization in two
hordate animals, the mouse and the urochordate ascidian
scidiella aspersa. Changes in NO were examined directly
y the use of an NO-sensitive fluorochrome, while simul-
aneously monitoring changes in intracellular Ca21. As far
s we are aware, this is the first report where the novel NO
ndicator DAF-2 and a Ca21 indicator have been used
imultaneously to record changes in intracellular NO and
a21. It is concluded that NO is not a universal mediator of
egg activation as previously suggested (Kuo et al., 2000) but
rather may play a specific role in the fertilization of echi-
FIG. 4. No NO production during mouse fertilization or followin
following loading with fura2 and DAF-2. As expected at fertilizatio
o measurable increase in DAF fluorescence during this time. How
M SNP. (b) As in (a), but showing a period several minutes before
sperm extracts rather than addition of sperm. (d) As in (c), but showi
olid lines represent fura2 ratio values, dotted lines represent DAF-noderm eggs.
Copyright © 2001 by Academic Press. All rightNOS Activation in Eggs
Both the sea urchin sperm and egg NOS were detected by
an anti-neuronal NOS (nNOS; Kuo et al., 2000). This
implies that the sea urchin NOS may be similar to mam-
malian cNOS types rather than iNOS. However, the extent
of homology of echinoderm NOS to mammalian cNOS and
iNOS types remains to be established. Although originally
described as expressed in macrophages in response to in-
flammatory cytokines, iNOS is now thought to be consti-
tute in some cells, while conversely cNOS expression may
be induced in some circumstances (reviewed in Griffith and
Stuehr, 1995; Michel and Feron, 1997). However, cNOS
requires elevated intracellular Ca21 for activity, while iNOS
is active at resting levels (Marletta, 1994; Nathan and Xie
croinjection of boar sperm extracts. (a) Mouse eggs were fertilized
rm induced a series of low-frequency Ca21 oscillations. There was
r, the DAF-2 signal increased when eggs were challenged with 5.7
rst Ca21 rise only. (c) As in (a), but following microinjection of boar
e period between microinjection and the first few Ca21 oscillations.
rescence levels, ratioed with respect to fluorescence at time 5 0 s.g mi
n, spe
eve
the fi
ng th1994; Griffith and Stuehr, 1995; Michel and Feron, 1997).
s of reproduction in any form reserved.
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223NO during Chordate Egg FertilizationWe wanted to pharmacologically inhibit NOS at mouse and
ascidian fertilization and therefore we chose L-NAME,
which is a widely-used NOS inhibitor that is deesterified
intracellularly to yield L-NA (Pfeiffer et al., 1996; Southan
and Szabo, 1996; Moore and Handy, 1997). In support of our
direct observation of no NO change at fertilization using
the DAF fluorochrome, was the inability of the NOS
inhibitor to block sperm-induced Ca21 oscillations.
L-NAME used in a previous study did block mouse fertili-
zation (Herrero et al., 1996). However, there, L-NAME was
only effective in blocking sperm capacitation, rather than
fertilization itself. Therefore, regarding the ability of
FIG. 5. Imaging of intracellular Ca21 and NO changes in mouse eg
or intracellular Ca21 and NO changes. Even though imaging was
global or local increase in DAF-2 fluorescence. Solid lines represen
ratioed with respect to fluorescence at time 5 0 s. Representative
lines.L-NAME to block events following gamete fusion, the t
Copyright © 2001 by Academic Press. All rightresults of Herrero et al. (1996) are in agreement with the
present study.
Although not involved in initiating Ca21 oscillations at
ertilization, both mouse and ascidian eggs generated NO
hen challenged with the Ca21 ionophore ionomycin. Fur-
thermore, this NO production was blocked by L-NAME,
showing that L-NAME was an effective NOS inhibitor in
eggs. Ionomycin-induced NO production is consistent with
a Ca21-activated cNOS present in these eggs. However,
perm-induced Ca21 oscillations did not trigger any detect-
able NO rise and this was probably because sperm-triggered
Ca21 release was of shorter duration and of smaller ampli-
ouse eggs were microinjected with boar sperm extract and imaged
imized before the sperm-induced Ca21 rise, there was no obvious
a2 ratio values, dotted lines represent DAF-2 fluorescence levels,
es are shown at the times indicated by the solid vertical or slopedgs. M
min
t fur
imagude than the monotonic rise observed with ionomycin.
s of reproduction in any form reserved.
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224 Hyslop et al.The present study was interested to determine whether NO
was the trigger for Ca21 oscillations in eggs. It was not our
im to study the Ca21 sensitivity of any NOS present in
ggs. However, these data suggest that egg NOS activity is
ncreased only by a sustained and elevated intracellular
a21 level not normally associated with fertilization.
Fertilization in Sea Urchin Eggs
Several sperm molecules have been proposed to be the
mediators of egg activation in sea urchin, even cyclic ADP
ribose (Chini et al., 1997) and inositol 1,4,5-trisphosphate
(IP3; Iwasa et al., 1990) themselves, since both these signal-
ng molecules are found at high concentrations in sea
FIG. 6. Addition of L-NAME to mouse eggs blocked egg NOS but
loaded with DAF-2 and fura2, were preincubated with or without L
ionomycin, there were changes in fura2 and DAF-2 fluorescences
eggs (b) showed no rise in NO following the ionophore-induced
-NAME-incubated eggs, there was no inhibition of the Ca21 oscill
ndogenous NOS, but fails to block sperm-induced Ca21 oscillatiorchin sperm. However, more conclusively, PLCg SH2
Copyright © 2001 by Academic Press. All rightconstructs microinjected into sea urchin eggs block fertili-
zation, demonstrating that PLCg activation is essential for
this process (Carroll et al., 1999; Shearer et al., 1999).
urthermore, these findings have been confirmed in the
chinoderm starfish egg (Carroll et al., 1997; Giusti et al.,
999, 2000). These studies and others (Rongish et al., 1999;
bassi et al., 2000) clearly demonstrate a role for Src
inase-mediated activation of PLCg at fertilization. The
nding that NO mediates sea urchin egg activation (Kuo et
l., 2000) fits upstream to this pathway since NO has been
eported to activate Src kinase (Akhand et al., 1999). There-
ore, in echinoderm eggs, one would predict that a NOS-
nduced rise in NO causes activation of a Src-like kinase
nd then PLCg.
no effect on sperm extract-induced Ca21 oscillations. Mouse eggs,
ME (0.6 mM) for 30 min. In control eggs (a) challenged with 5 mM
ative of both a Ca21 and a NO rise. However, L-NAME-incubated
rise (n 5 7). (c) When sperm extracts were microinjected into
s (n 5 6). These results demonstrate that 0.6 mM L-NAME blockshad
-NA
indic
Ca21
ationNO also activates a cGMP-dependent protein kinase,
s of reproduction in any form reserved.
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225NO during Chordate Egg Fertilizationwhich mobilizes cyclicADPribose through stimulation of
ADP-ribosyl cyclase (Willmott et al., 1996). However, this
pathway can be blocked without effect on sperm-induced
Ca21 release at fertilization (Lee et al., 1996). If NO does
ndeed initiate Ca21 release in sea urchin eggs, then it
ollows that it is the activation of a Src-like kinase, rather
han a cGMP-dependent protein kinase, which is important
or this process. The Ca21 signal in sea urchin eggs at
fertilization also seems to require the ryanodine receptor.
Ca21 release through the IP3 receptor and the ryanodine
receptor both need to be blocked for the sperm-induced
FIG. 7. No NO production during ascidian fertilization or follow
ertilized following loading with fura2 and DAF-2. As expected at fe
eparated by a gap period, when the first polar body is extruded. Th
owever, the DAF-2 signal increased when eggs were challenged wi
he fluorochrome had not desensitized to NO detection during th
etween sperm addition and the first few Ca21 oscillations only. (c
rather than addition of sperm. (d) As in (c), but showing the period
represent fura2 ratio values, dotted lines represent DAF-2 fluorescCa21 wave to be inhibited (Galione et al., 1993; Lee et al.,
Copyright © 2001 by Academic Press. All right1993). Thus, the Ca21 signal is probably initiated by IP3-
ediated Ca21 release but is propagated through the egg by
both types of Ca21 channel.
Fertilization in Chordate Eggs
PLCg SH2 constructs block fertilization in ascidian
Runft and Jaffe, 2000), but it seems unlikely that NO has
ny role in ascidian eggs (data presented here). This is
ndirectly supported by the observation that the Ca21 re-
lease caused by SNP-mediated NO production is blocked
microinjection of ascidian sperm extracts. (a) Ascidian eggs were
ation in these eggs, sperm initiated two phases of Ca21 oscillations
as no measurable increase in DAF-2 fluorescence during this time.
7 mM SNP, following cessation of Ca21 oscillations, demonstrating
e course of the experiment. (b) As in (a), but showing the period
n (a), but following microinjection of ascidian sperm extracts (ase)
een microinjection and the first few Ca21 oscillations. Solid lines
levels, ratioed with respect to fluorescence at time 5 0 s.ing
rtiliz
ere w
th 5.
e tim
) As i
betwcompletely by ruthenium red (Grumetto et al., 1997), but
s of reproduction in any form reserved.
a226 Hyslop et al.FIG. 8. Imaging of intracellular Ca21 and NO changes in ascidian eggs. Ascidian eggs were microinjected with ascidian sperm extract and
imaged for intracellular Ca21 and NO changes. Sperm extracts gave two phases of Ca21 oscillations. (Top left) Fura2 pseudocolour images
showing the first Ca21 rise following sperm extract microinjection at time 2.5 min. (Bottom left) DAF-2 pseudocolour images at the same
time indicating no small local transient change in NO. (Bottom right) DAF-2 psuedocolour images showing a rise in NO following the
addition of SNP. (Top right) fura2 pseudocolour images showing the small Ca21 rise associated with SNP addition. Solid line, intracellular
Ca21 concentration (fura2 ratio); dotted line, intracellular NO concentration (DAF). Representative images of fura2 and DAF-2 fluorescence
re shown that are sampled 5 s (left) or 20 s (right) apart.
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227NO during Chordate Egg Fertilizationruthenium red is without effect on the two phases of Ca21
oscillations during ascidian egg fertilization (Yoshida et al.,
1998). PLCg SH2 constructs are also without effect on both
frog (Runft et al., 1999) and mouse (Mehlmann et al., 1998)
fertilization. Therefore, in chordate eggs, it seems unlikely
that an NO-Src kinase-PLCg pathway operates. In chordate
eggs, antibodies against the type 1 IP3 receptor block Ca21
release (mammals: Miyazaki et al., 1992, 1993; ascidian:
Yoshida et al., 1998; frog: Runft et al., 1999), consistent
with a PLC based mechanism of IP3 formation, as found in
chinoderm eggs. Furthermore, in frog, direct measurement
f IP3 production has been demonstrated (Stith et al., 1993),
but similar measurements are not technically possible on
mammalian eggs, due to their size and asynchronous tim-
ing of fertilization. However, in mammals, the best sperm
factor candidates thus far include a truncated form of kit
(tr-kit), which has been demonstrated to cause parthenoge-
netic activation in mouse eggs and IP3 turnover in trans-
fected cell lines by activation of PLCg1 (Sette et al., 1997;
998). However, tr-kit is found predominantly in the re-
idual body of the sperm midpiece (Sette et al., 1997), and
his region does not activate eggs following microinjection
Kimura et al., 1998). Also, sperm extracts which lack tr-kit
retain Ca21 oscillation-inducing activity (Wu et al., 1998).
Therefore, until recombinant tr-kit has been directly dem-
onstrated to cause Ca21 oscillations following microinjec-
tion that resemble those observed at fertilization, its exact
role is unclear. Other studies have suggested that an acti-
vated sperm PLC is the sperm factor in mammals (Jones et
al., 1998a; Mehlmann et al., 1998; Parrington et al., 1999;
Jones et al., 2000; Rice et al., 2000). Interestingly, this PLC
acts on nonplasmalemmal yolk-rich egg fractions to hydro-
lyze IP3 from phosphatidylinositol 4,5-bisphosphate. Again,
he sperm PLC has yet to be purified, sequenced, recombi-
FIG. 9. Effect of L-NAME on sperm extract addition to ascidian eg
no effect on the ability of ascidian sperm extracts to cause two p
obtained when ascidian eggs were fertilized.ant synthesized, and then microinjected into eggs.
Copyright © 2001 by Academic Press. All rightLimitations of Present Study
There are always limits to any detection assay. However,
it is unlikely that a very transient, global, NO increase
occurred at fertilization with such rapidity that it was
missed by our imaging protocol. DAF-2 forms a covalent
attachment to NO oxidation products (Nakatsubo et al.,
1998). Therefore, unlike commonly used Ca21 indicators,
AF-2 fluorescence does not decrease after NO removal
nd so the ability to detect a NO rise is not influenced by
ampling frequency. However, could a transient, local,
ncrease in NO have been sufficient to trigger successive
a21 transients but insufficient to have been detected with
AF-2? We argue that this is unlikely based on the obser-
ation that application of exogenous NO was detected
ntracellularly with DAF-2, but this intracellular NO initi-
ted a much smaller Ca21 rise than that seen at fertilization.
he most straightforward extrapolation of this observation
s that a much larger rise in NO would be needed to cause
sperm-induced Ca21 rise and hence would easily be
registered by our imaging system. In addition, the NOS
inhibitor L-NAME failed to affect sperm-induced Ca21
release. Dogmatically, it could still be argued that the
sperm generates NO in a unique, spatially restricted man-
ner, such that it cannot be pharmacologically inhibited,
cannot be mimicked by bath NO application, and cannot be
detected by our imaging protocols. This is hard to reconcile
with the signaling role played by NO in other systems
where often NO diffuses between cells. However, it must
be noted that differences in exogenous versus endogenous
NO production have been suggested to have physiological
relevance in sea urchin eggs (Kuo et al., 2000). This is based
on the observation that exogenous NO, although it gener-
ates a Ca21 rise, fails to activate sea urchin eggs (Willmott et
al., 1996), while endogenous application of NO does cause
ddition of 10 mM L-NAME to the bathing medium for 30 min had
s of Ca21 oscillations. Two phases of Ca21 oscillations were alsogs. A
haseactivation (Kuo et al., 2000). It is not clear whether equiva-
s of reproduction in any form reserved.
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228 Hyslop et al.lent doses were applied intra- and extracellularly, especially
important because one would predict some auto-oxidation
and so attenuation of NO action as it diffuses across the
plasma membrane (Liu et al., 1998).
In conclusion, a straightforward interpretation of our data
is that NO plays no role in initiating Ca21 oscillations at
fertilization, following gamete fusion, in two chordate
animals. If indeed NO does prove to be the initiating factor
in sea urchin, then echinoderm eggs may have evolved a
separate mechanism of Ca21 release that is not entirely
analogous with chordates. In chordate animals, we propose
that the most likely mediator of egg activation remains a
sperm PLC or sperm PLC activator.
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